Abstract. We present a SQUID of novel design, which is fabricated on the tip of a pulled quartz tube in a simple 3-step evaporation process without need for any additional processing, patterning, or lithography. The resulting devices have SQUID loops with typical diameters in the range 75 -300 nm. They operate in magnetic fields up to 0.6 T and have flux sensitivity of 1.8 µΦ0/Hz 1/2 and magnetic field sensitivity of 10 −7 T/Hz 1/2 , which corresponds to a spin sensitivity of 65 µB/Hz 1/2 for aluminum SQUIDs. The shape of the tip and the small area of the SQUID loop, together with its high sensitivity, make our device an excellent tool for scanning SQUID microscopy: With the SQUID-on-tip glued to a tine of a quartz tuning fork, we have succeeded in obtaining magnetic images of a patterned niobium film and of vortices in a superconducting film in a magnetic field.
Introduction
For more than a decade, modern magnetic imaging techniques have been used for studying small magnetic moments: single molecular magnets [1, 2] , magnetic nanoparticles [3, 4] , spin ice systems [5, 6] , and, the ultimate limit, the detection of a single spin [7] . The detection tools for these objects are diverse and range from magnetic resonance force microscopy [7] and spectroscopy of nitrogen-vacancy centers in diamond [8] to superconducting quantum interference devices (SQUIDs) [9] [10] [11] . The latter offer the least invasive and the most direct measurement of magnetic fields. However, conventional lithographically-produced SQUIDs are not well suited for measuring small magnetic moments since the coupling between the SQUID loop and the magnetic object, and thus its spin sensitivity, directly depend on the size of the loop and its distance from the object [10, 11] . For this reason, nano-SQUID research has become popular of late. The vast majority of nano-SQUIDs that have been produced and studied have had planar geometry [9, [12] [13] [14] [15] [16] [17] , and a great deal of effort has been made to to minimize the distance between the SQUID loop and the specimen, e.g., by placing the specimen in direct contact with the SQUID loop [9] . When scanning is desired, great lengths are taken to position the SQUID very close to the edge of the substrate but, nevertheless, it has proven to be extremely difficult with planar SQUIDs to achieve the proximity to the object necessary to image a single spin. The most sensitive planar scanning SQUID to date can get as close as 0.3 µm to the sample surface and has a sensitivity of 70 µ B /Hz 1/2 at 4 K [12] . In our research we concentrated on producing a nano-SQUID loop on the apex of a tip and have coupled it to a quartz tuning fork [18] . This combination enables scanning within a distance of a few nanometers with very high spin sensitivity. Here we present the design and characteristics of a SQUID-on-tip (SoT) together with magnetic images measured on a test sample.
SQUID-on-tip fabrication
The fabrication process consists of the following steps: first, a 1 mm dia. fused quartz tube is heated to a temperature close to its melting point using a commercial micropipette puller [19] and pulled until it breaks, giving two sharp tips of the same size. The resulting size of the tips depends on the pulling parameters and can be varied between 20 and 2000 nm. Next, thick indium leads are soldered onto the surface of the non-pulled part of the tip, i.e., where the original tube diameter is preserved. The third stage is a three-step evaporation process in which a superconducting material (in this case 25 nm thick aluminum) is thermally evaporated first onto both sides of the tip, and then 17 nm of aluminum are evaporated onto the apex of the tip. The resulting scanning electron microscope (SEM) images are shown in Fig. 1 . The superconductors on the sides of the tip form superconducting leads with strong superconductivity, whereas the material on the ring creates weak links of the Dayem bridge type. The resulting nano-SQUID requires no lithographic processing whatsoever and is ready to use. Its position on the apex of a quartz tube is ideal for scanning SQUID microscopy measurements [18] .
Characteristics of the SQUID-on-tip
The fabricated SoTs were characterized in a 3 He cryostat at a temperature of 0.3 K, which is well below their superconducting transition (T c ≈ 1.6 K). The SoTs were shunted by a parallel 2 Ω resistor located approximately 20 cm from the SoT and connected to it using superconducting niobium-titanium wires and biased in a with a current source (The normal state resistance of the SQUID was 90 Ω). The SQUID therefore operated in a quasi-constant-voltage mode, thereby minimizing hysteresis and providing stable DC-biased SQUID operation. The SoT was connected in series with the input coil of a SQUID series-array amplifier (SSAA) [20] , working in a fluxlocked loop (FLL) mode [21] , its current (I SoT ) was measured by measuring the voltage drop on a 5 kΩ feedback resistor. The resulting I-V characteristics of our SoTs exhibit stable, non- hysteretic behavior with a wide negative-resistance region above the critical current (I c ). This effect is consistent with the Aslamazov-Larkin model of a single Josephson junction connected in our bias configuration [22] . Unlike most small SQUIDs, which demonstrate significant reduction of modulation of their I c with magnetic field compared to larger SQUIDs of the same design [17] , the SoTs show deep modulation of I c (H). This has already been discussed in detail elsewhere [18] . Figure 2 shows a pronounced I SoT (V in ,H) quantum interference pattern with a period of 60.8 mT, which corresponds to an effective SQUID diameter of 208 nm. The critical current modulation I max c /I min c = 1.67 is large. It must be noted that the SoT demonstrates a strong asymmetry between positive and negative biases and the interference patterns for these biases are almost out of phase. This asymmetry arises from the difference in critical currents of the two junctions forming the SQUID and is in fact beneficial for the device operation, since the high sensitivity linear region of I c (H) can be found over a wider range of fields by choosing an appropriate bias polarity. Our theoretical fit of I c (H) [23] yielded the following parameters: the critical currents of the two junctions (1 -α)I 0 = 0.8 µA and (1 + α)I 0 = 2.4 µA, where I 0 = 1.6 µA, the asymmetry parameter α = 0.5, and β = 2LI 0 /Φ 0 = 0.85, where L is the loop inductance and Φ 0 = h/2e is the flux quantum.
β equal to 0.85 for the SoT implies a large inductance: L = 549 pH. If this value is compared to the geometrical inductance of the SQUID loop L g = µ 0 R(log(8R/r)) = 0.26 pH, where R = 104 nm is the loop radius and r = 15 nm is the radius of the loop wire, it becomes obvious that our device, due to its small size, is mostly governed by the kinetic inductance [24] of the loop, L k = 2πµ 0 λ 2 L R/a, where a = t × w = 510 nm 2 is the estimated cross-section of the loop wire (the film thickness, t, is 17 nm and the loop width, w, is approximately 30 nm) and λ L = 0.58 µm is the resulting penetration depth of the aluminum film. This value is larger than that of the bulk material, but still plausible for thin films [25] . Unlike conventional SQUIDs, which normally operate only at rather small fields, our SoTs show substantial oscillations even at fields as high as 0.4 T (Fig. 2) . This provides yet another unique advantage of our devices. This tolerance to relatively high magnetic fields apparently arises from the tip geometry, where all the parts of the SQUID, except its weak links are along the quartz tube and, thus, are almost parallel to the external magnetic field. The films are also very thin. The flux sensitivity of a SQUID is limited by its intrinsic noise, which we have already reported in details elsewhere [18] . In our SoTs, the flux noise changes from 1/f for frequencies up to a few tens of Hz to white noise at the level of 1.8 × 10 −6 Φ 0 /Hz 1/2 . This flux sensitivity is comparable with that of currently available larger SQUIDs [26] . However, the loop area of our devices is only 0.034 µm 2 , which is the smallest reported to date [18] and makes it ideal for studying small magnetic moments, since the spin sensitivity in units of µ B /Hz 1/2 is given by:
where R is the radius of the loop, h is the height of the loop above the magnetic dipole, r e = 2.82 × 10 −15 m is the electron radius, and Φ n is the flux noise in units of Φ 0 /Hz 1/2 [19] . If h < R, then for spins situated in the center of loop and oriented normal to the loop plane we obtain a spin sensitivity S n ≈ 65 µ B /Hz 1/2 . This value, however, can be enhanced by placing the magnetic moments not in the center of the loop, but near the edge of the loop [10, 11] . In this case, R in Eq. 1 is replaced by r (15 nm versus 104 nm), leading to a predicted sensitivity of 33 µ B /Hz 1/2 . This sensitivity should be enough to image a single molecular magnet, e.g., Mn 12 -acetate with a moment of 20 µ B /Hz 1/2 [27] , by integrating the signal over a few seconds. Assuming that the flux noise would not increase drastically, further reduction of the SoT size, (we are able to produce working SQUIDs with diameters of 75 nm), could help us reach a sensitivity below 20 µ B /Hz 1/2 .
Microscope design
The design of the scanning part of our measurement setup was largely inspired by near-field scanning optical microscopes (NSOMs) that utilize optical fibers and a quartz tuning fork (TF) to detect the approach of the tip to the sample's surface [28] . The SoT tip was glued to one tine of a TF and the frequency shift of the TF resonance peak was used as a measure of the proximity to the sample's surface. This technique allows simultaneous measurements of the sample's topography and the local magnetic fields. The test sample was positioned on a commercial [29] X-Y-Z piezo-scanner driven by an SPM controller and a PLL [30, 31] .
Measurements: Nb serpentine
As a test sample we used a 200 nm thick niobium film, deposited using an e-gun while keeping the substrate at a temperature of 200 • C in a background pressure of 10 −6 Torr and patterned as a serpentine. With such a geometry, one can drive a current through the entire sample and measure its corresponding self-field while also being able to obtain the magnetic signal resulting from the Meissner effect and, when close enough to the sample, observe vortices. We applied an AC current of 3 mA at a frequency of 13.44 kHz and measured the resulting self-field using the SoT concurrently with the topography measured from the tuning fork's frequency shift. These two measurements are shown in Fig. 3 . The self-field image agrees with the theoretical (Biot-Savart law) calculation of the magnetic field emanating from a current through a superconducting thin strip and closely follows the topography. Figure 4 shows the DC magnetic signal a few nm above the double-edged funnel-shaped region in the serpentine shown in Fig. 3 . The sample was field-cooled at an applied magnetic field of 20 Gauss. The vortex lattice is highly disordered, due to the strong pinning in the Nb film at such 
Conclusion
We have demonstrated a novel SQUID-on-tip device, which allows positioning of a SQUID a few nanometers from an object of study. The resulting devices have the smallest loop area reported so far of 0.034 µm 2 , operate at fields as high as 0.6 T, and have flux sensitivity of 1.8×10 −6 Φ 0 /Hz 1/2 , which translates to a spin sensitivity of 65 µ B /Hz 1/2 . We also demonstrated the application of one of our devices as magnetic sensor in a scanning SQUID microscope and obtained images of the magnetic field pattern of a test sample, including images of vortex matter in a superconducting niobium film. With a further reduction of the SoT loop size and the enhancement of the SQUID sensitivity by sensing the magnetic moments situated near the SQUID ring, we expect a further substantial increase of the SoT performance.
